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Introduction
Paraneoplastic syndromes are common concomitants of neoplastic disease (1, 2) . Two ofthe most common are cachexia (3) and hypercalcemia (4) . In addition to cachexia and hypercalcemia, leukocytosis is also a relatively common paraneoplastic syndrome (5) . In recent years, a number of studies have noted the association between leukocytosis and hypercalcemia (6) (7) (8) (9) (10) , and several factors including colony-stimulating factors for granulocytes (G-CSF),' for granulocyte-macrophages (GM-CSF), and for macrophages (M-CSF) and bone resorbing factors (7) (8) (9) have been implicated in the pathogenesis of the leukocytosis-hypercalcemia syndrome.
Recently, we have established a cell line (MH-85) from a human squamous cell carcinoma ofthe maxilla associated with cachexia and the leukocytosis-hypercalcemia syndrome. When inoculated into nude mice, MH-85 cells induced formation of a squamous cell carcinoma with similar histological characteristics to those of the patient. In these MH-85 tumor-bearing nude mice, body weight was markedly reduced and the mice developed leukocytosis and hypercalcemia. In parallel with the development of these paraneoplastic syndromes, the mice also manifested marked splenomegaly. Although it has been reported that splenomegaly is frequently observed in tumorbearing animals with leukocytosis (1 1-15), the relationship between leukocytosis and splenomegaly has not been elucidated. Furthermore, little is known about the relationship between splenomegaly and cachexia or hypercalcemia. To examine the relationship between these paraneoplastic syndromes and the splenomegaly, we assessed the effects of splenectomy on the development of these paraneoplastic syndromes in MH-85 tumor-bearing mice. We found that splenectomy led to a striking decrease in the severity of the paraneoplastic syndromes, and that this effect could be reversed by inoculation of the tumorbearing animals with normal spleen cells. Moreover, we found that the effects of splenectomy could be mimicked by injection of neutralizing polyclonal antibodies to murine tumor necrosis factor (TNF Ab). TNF immunoreactivity was increased in the circulation oftumor-bearing animals, and although tumor cells did not release detectable TNF biological activity, tumor cell conditioned media stimulated cells of the monocyte-macrophage lineage, including spleen cells, to release TNF.
Methods
Cell culture. MH-85 cells were isolated from a squamous cell carcinoma obtained at biopsy from a patient who manifested marked cachexia, hypercalcemia, leukocytosis, and splenomegaly (10) by explant outgrowth technique (16) . The cells were cultured in alpha minimal essential medium (Hazleton Biologics, Inc., Lenexa, KS) supplemented with 10% heat-inactivated FCS (HyClone Laboratories Sterile Systems Inc., Logan, UT) and 1% penicillin-streptomycin solution (Gibco Laboratories, Grand Island, NY). As a control, another human squamous cell carcinoma ofthe maxilla (OKK) that was not associated with any of these paraneoplastic syndromes was also established in culture.
Inoculation of MH-85 tumor cells into nude mice. Two pieces of MH-85 tumor (3 x 3 mm in size) or cells (5 x 106 in 0.1 ml calciummagnesium-free phosphate-buffered saline [PBS[-]) were inoculated subcutaneously in the right dorsal portion of 4-6 wk-old male Balb c/nu/nu mice (Harlan Sprague Dawley, Inc., Indianapolis, IN) by a trocar or 27-gauge needle, respectively. Animals were fed ad lib. on autoclaved diet (Teklad-LH-485, calcium 0.83 mg/kg, phosphorus 0.65 mg/kg, Harlan Sprague-Dawley) and tap water (acidified to pH 2.5). The body weights of MH-85 tumor-bearing animals and their tumor sizes were measured once a week under anesthesia with ether. Tumor size was calculated as described (17) . Tumors were excised and weighed when animals were killed. Details of this tumor-bearing nude mice model are described elsewhere (18). Determination ofblood ionized calcium (Ca2") and leukocyte count. 30 Al of blood was drawn from the orbital plexus with calcium-titrated sodium heparinate-coated tubes (Corning, Halstead, Essex, UK) under anesthesia with ether, and adjusted for pH by an internal algorithm in the machine (19) . Ca2" was determined using a Ciba-Corning calcium-pH analyzer (model 634; Corning Medical, Medfield, MA). Normal ranges ofCa2" in nude mice determined using this analyzer are between 0.85 and 1.29 mmol/liter. 100 ,l of blood was also collected into polypropylene microsample tubes (Kew Scientific Inc., Columbus, OH) and centrifuged to sediment blood cells. Precipitated blood cells were suspended in erythrocyte-lysing buffer (13 mM Tris-HCI, pH 7.65 in 0.75% NH4 Cl), incubated for 5 min at 37°C, resuspended in PBS(-), and counted on a hemocytometer. Spleen index. At the appropriate time after tumor implantation, MH-85 tumor-bearing nude mice were killed and their spleens and tumors were removed. Weights of the spleens and carcass were measured. Spleen index was expressed as spleen wet wt (mg)/carcass wt (g).
Tumor excision. MH-85 tumors were aseptically excised from animals under anesthesia with Nembutal (0.05 mg/g body wt). At the appropriate time after surgery, Ca2" and leukocyte count were determined. The animals were then killed and their spleens were excised and weighed. TNF radioimmunoassay. Heparinized plasma was assayed for murine TNF by radioimmunoassay as described previously (20) . The samples (250 il) were incubated with 100 Ml TNF Ab overnight at 4°C and then with 100 ,ul '21-murine TNFa (10,000 cpm) overnight at 4°C, precipitated with goat anti-rabbit IgG (Cappel, Organon Teknika, West Chester, PA) for 1 h at room temperature and centrifuged at 2,500 g for 30 min. The radioactivity in the pellets was counted in a gamma counter. Purified murine TNFa and TNF Ab were kindly provided by Dr. Tony Chen, Genentech, South San Francisco, CA. The TNF Abs are specific for murine TNF and do not cross-react with human TNF. Recognition of circulating TNF by TNF Ab was confirmed by comparing levels of activity in the radioimmunoassay with biological activity in the L929 cytotoxicity assay.
Injection of TNF Ab. At each week after tumor transplantation, Ca2" levels of individual mice were measured as described above. At appropriate times after tumor inoculation when MH-85-bearing animals manifested severe cachexia, leukocytosis, and hypercalcemia, 0.1 ml of TNF Ab (sp act, > 4 x 10' neutralizing U/ml, generously provided by Dr. Tony Chen) or rabbit nonimmune sera (NIS) were injected intraperitonealy into nude mice. Blood was drawn for the determination of Ca"+ levels before injection of the TNF Ab at 9:30 a.m.
Body weight, leukocyte count, and tumor size before and after the treatment with TNF Ab were also measured.
Assessment oftumor effects on monocytic cells. Human peripheral blood monocytes were prepared as described (21) . HL-60 (22) and U937 (23) cells were obtained from the American Type Culture Collection, Rockville, MD. Nude mouse spleen mononuclear cells were isolated using Histopaque (Sigma Chemical Co., St. Louis, MO) density gradient centrifugation. Elicited peritoneal macrophages from non-tumor-and MH-85-bearing nude mice were obtained as described (24) . Cells (1 x 106/ml) were incubated in RPMI 1640 medium supplemented with 5% FCS in the presence of 10 ng/ml phorbol myristate acetate (PMA; Sigma) and 50% MH-85 culture supernatants (CM). After 24 h incubation, the culture supernatants were harvested, centrifuged under sterile conditions, and assayed for their TNF cytotoxic activity.
TNF bioassay. TNF activity in monocytic cell CM was assayed by its capacity to cause cytotoxicity in indicator cells as described (25) . In brief, mouse L929 fibroblasts (American Type Culture Collection) were cultured at a density of 6 x 10'/ml in Eagle's minimal essential medium supplemented with 3% FCS in 96-well flat-bottom microtiter plates in the presence of 1 Ag/ml actinomycin D (Sigma) and a serially diluted monocytic cell CM and recombinant human TNF (kindly provided by Dr. H. Michael Shepard, Genentech) as standard for 20 h. At the end of culture, the plates were washed, fixed with 100% methanol, and stained with 0.5% solution ofcrystal violet (Sigma) in 20% ethanol. The plates were air-dried and read on Titertek Multi-scan autoreader (Flow Laboratories, Inc., McLean, VA) set for absorption at 540 nm. One unit of TNF is defined as the amount required for 50% cell lysis. Specificity for TNF bioactivity was confirmed by the use of specific neutralizing monoclonal antibodies to TNF (also kindly provided by Dr. Shepard).
Results
Splenomegaly, hypercalcemia, leukocytosis, and cachexia in MH-85 tumor-bearing nude mice. Splenomegaly was found to be striking in nude mice bearing MH-85 tumors (Table I) and closely associated with tumor growth and progression ofhyper- Values were determined 8 wk after tumor implantation when animals were killed and were shown as mean±SE.
* Spleen index was calculated spleen wet wt (mg)/carcass wt (g). * Significantly smaller than non-tumor-bearing animals (P < 0.005, Student's t test). § Significantly greater than non-tumor-bearing animals (P < 0.001).
Body Weight (g) calcemia, leukocytosis, and cachexia ( Fig. 1 ). For comparison, we examined nude mice carrying a similar tumor (OKK) also derived from a squamous cell carcinoma ofthe human maxilla but not associated with any ofthese paraneoplastic syndromes. In these nude mice, there was no evidence of cachexia, hypercalcemia, or leukocytosis and the spleen index was not significantly increased compared with non-tumor-bearing animals (Table I) . Surgical removal of MH-85 tumors. Surgical excision of MH-85 tumors from nude mice led to an increase in body weight, and a decrease in the Ca2" and in the white cell count.
In addition to these changes, there was also a striking decrease in splenic size (Fig. 1) . These data indicate that the increase in splenic size is due to a circulating tumor product.
Splenectomy. When splenectomy was performed 7 d before tumor implantation, subsequent development of tumors was slower and resulted in tumors that were smaller than those in sham-operated animals (Fig. 2 ). There was a corresponding lesser increase in Ca2' and in white blood cell count and lesser decrease in body weight.
In MH-85-bearing nude mice that were splenectomized 6 wk after tumor implantation, we found that there was no significant change in tumor size over the following 14 d (Fig. 3 ). However, there was markedly less decrease in body weight, and less increases in Ca2' and white blood cell count.
Injection offreshly isolated normal nude mice spleen cells into splenectomized MH-85-bearing nude mice. To confirm that the spleen was the source of factors that were important in Weeks After Tumor Implantatio the pathophysiology of these paraneoplastic syndromes, we performed splenectomy 7 d before tumor implantation and then 5 wk later, injected freshly isolated spleen cells from nontumor-bearing nude mice intravenously into these splenectomized MH-85 tumor-bearing animals. Injection of spleen cells into splenectomized MH-85-bearing nude mice resulted in immediate and transient enhancement of hypercalcemia ( Fig. 4  c) , leukocytosis ( Fig. 4 d) , and cachexia ( Fig. 4 a) . Injection of spleen cells had no significant effect on tumor size ( Fig. 4 b) .
Plasma TNF levels in MH-85-bearing nude mice. Since cachexia is also such a striking component of this tumor model, we measured TNF concentrations in the plasma by radioimmunoassay. We found that levels of TNF were increased almost fourfold compared with control non-tumor-bearing animals (Table II) . The circulating TNF levels were comparable to those found in nude mice carrying TNF-secreting Chinese hamster ovary cells (26) . The plasma TNF levels in OKK tumor-bearing nude mice were the same as in non-tumor-bearing nude mice (Table II) . These results are consistent with the hypothesis that TNF was responsible for the hypercalcemia and cachexia associated with the MH-85 tumor. Effect of TNF Ab on Ca2" levels in MH-85-bearing nude mice. To test this hypothesis we injected neutralizing TNF Ab into hypercalcemic and cachectic nude mice bearing MH-85 tumors. As depicted in Fig. 5 a, daily injection of the TNF Ab (1/5 diluted) for 4 d into MH-85-bearing hypercalcemic nude mice resulted in a dramatic decrease in Ca2" levels. This began after 3-4 d ofTNF Ab injections, continued to fall for a further 3-4 d, and remained suppressed for a further 3 d after TNF Ab injections were discontinued but then began to increase (Fig. 5 a). Injection of NIS in an identical manner failed to affect Ca2" levels ( Fig. 5 b) . However, subsequent administration of the TNF Ab to the same animals caused a significant decrease in the Ca2" levels ( Fig. 5 b) . The TNF Ab did not alter Ca2" levels in OKKor non-tumor-bearing nude mice (Fig. 5, c and d ).
Histological examination of calvariae from mice bearing MH-85 tumors and injected with TNF Ab revealed marked suppression of osteoclast activity compared with mice not treated with the antibodies (Fig. 6, a 
and b).
Effects of TNF Ab on body weight and leukocyte count. In another experiment, we injected TNF Ab into cachectic, hypercalcemic, and neutrophilic nude mice bearing MH-85 tu- 
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Mean±SE. * Significantly smaller than non-tumor-or OKK-bearing animals (P < 0.01). 8 Significantly higher than non-tumoror OKKbearing animals (P < 0.01). ND, not determined. mors at a higher concentration and for a longer period. We found significant increases in body weight (Fig. 7 a) and marked decreases in Ca2" (Fig. 7 b) by injecting undiluted TNF Ab every 2 d for 18 d, indicating that animals recovered from cachexia and hypercalcemia. These anticachectic and antihypercalcemic effects of TNF Ab lasted for 2 wk even after discontinuation of TNF Ab injection. The leukocyte count was also significantly decreased by injection of TNF Ab (Table III) . However, TNF Ab failed to normalize body weight, Ca2+, and leukocyte count. This suggests that other cytokines such as CSFs and IL-1 also play roles in the pathophysiology of cachexia, hypercalcemia, and leukocytosis. Alternatively, injection of TNF Ab every 2 d for 18 d might not be enough to obtain complete recovery from these paraneoplastic syndromes. Injection of NIS showed no effect on body weight (data not shown) and leukocyte count (Table III) . Apparent tumor size did not change before or after TNF Ab injection (data not shown). Cellular source ofelevated plasma TNF. The results show that TNF concentrations were increased in the plasma ofthese tumor-bearing nude mice and caused hypercalcemia, leukocytosis, and cachexia, but they do not indicate the source of the TNF. We examined CM harvested from cultured MH-85 cells and MH-85 cell lysate on a number of occasions but could never detect TNF activity (data not shown). TNF is a macrophage product (27) (28) (29) . We therefore thought it likely that the elevated levels of TNF in MH-85-bearing nude mice were due to excessive production by host cells of the monocyte-macrophage family in response to factors released by the MH-85 tumor. As shown in Table IV , CM harvested from MH-85 tumor cell cultures stimulated TNF production by human peripheral blood monocytes, the promyelocytic leukemia cell line HL-60 (22) , and the monoblastic cell line U937 (23) . The CM also increased TNF release by spleen mononuclear cells and peritoneal macrophages from non-tumor-and MH-85-bearing nude mice. Cells from MH-85-bearing nude mice secreted higher concentrations ofTNF than did cells from non-tumor-bearing animals. Cytotoxic activity ofthe culture supernatants on L929 cells was completely neutralized with anti-human or antimouse TNF antibodies (data now shown). Incubation of cells with CMs alone did not induce any TNF secretion. The stimu-latory effect of CM was dose-and time-dependent (data not shown). Endotoxin was assayed in CM by the limulus amebocyte lysate assay using a commercial kit (Sigma) but was not present in sufficient quantities to induce TNF release. In addition, polymyxin B (20 ug/ml), which inhibits endotoxin activity (30), did not block the induction of TNF secretion by CM (data not shown). CM harvested from OKK cells had no effect on any of the cells in the monocyte lineage examined.
Discussion
In this study, we found that splenectomy causes dramatic effects on the growth of a human squamous cell carcinoma in nude mice, as well as on three paraneoplastic syndromes associated with this tumor. The effects of splenectomy on the paraneoplastic syndromes were not due simply to a change in tumor bulk, because splenectomy was performed in some animals without a change in tumor size but still with alleviation of the paraneoplastic syndromes. The most likely explanation for our findings is that the spleen in MH-85 tumor-bearing mice was the source ofa humoral factor or factors that were responsible for the paraneoplastic syndromes. In experiments in which spleen cells were injected back into the MH-85 tumor-bearing nude mice that had been splenectomized, the paraneoplastic syndromes were immediately enhanced. Since the spleen did not contain tumor cells, this suggested that normal host cells were the source of these factors. The spleen is a major hematopoietic organ in the mouse (31) and contains granulocytes, monocytes, and lymphocytes. Thus, it is likely that cytokines produced by splenic host immune cells were responsible for these paraneoplastic syndromes. Likely candidates for such cytokines include IL-1 and TNF, both of which have been associated with each of the paraneoplastic syndromes of hypercalcemia (26, 32, 33) , leukocytosis (34, 35) and cachexia (36) , as well as with effects on tumor growth (37) .
From the work ofBeutler, Cerami, and their colleagues (29, 38) and the study reported by Oliffet al. (36) , we felt it possible that TNF may play an important role in the cachexia associated with this tumor model. However, TNF might not be the only mediator, since elevated circulating levels have not always been found in experimental animals and patients with cachexia and malignancy (39, 40) . Potential roles of TNF in other paraneoplastic syndromes still remain to be elucidated. TNF has been shown to stimulate bone resorption both in vitro (41) and in vivo (26, 42) and to increase plasma calcium in vivo (26, 32) . In this study, we have found that plasma levels of TNF in MH-85-bearing nude mice were elevated almost fourfold above those of control animals (Table II) and that TNF Ab significantly decreased osteoclastic bone resorption and Ca2l levels (Figs. 5 and 6) . These results indicate the importance of TNF in the pathogenesis of the hypercalcemic syndrome and suggest a link between hypercalcemia and cachexia in this tumor model. Furthermore, the data presented in Table IV suggest that increased circulating levels of TNF in the MH-85bearing nude mouse are due not to overproduction by tumor cells but originate from host immune cells that are stimulated by soluble factors released by the tumor. Since previous studies on the mechanism of cancer-associated hypercalcemia have focused on systemic and/or local factors produced directly by the tumors (43) , our results provide an additional mechanism Tumor Necrosis Factor and Paraneoplastic Syndromes 981 If this hypothesis is correct, then it would be of interest to determine the identity of the tumor product that was responsible for promoting splenic cells to release cytokines. In two similar tumor models, both of which are associated with hypercalcemia and cachexia, we found that host immune cells release TNF and that circulating TNF is increased in tumor-bearing animals. These are the A375 human melanoma and the rat Leydig cell tumor. We have examined tumor cell-conditioned media harvested from A375 cells and found that the factor released by the tumor cells responsible for TNF production is GM-CSF (44) . Others had previously shown that GM-CSF stimulates TNF production by immune cells (21, (45) (46) (47) . However, the TNF-inducing factor produced by MH-85 cells is unlikely to be GM-CSF, since it is not removed from conditioned media by GM-CSF affinity columns and is not blocked by GM-CSF neutralizing antibodies. Moreover, it does not elute with authentic GM-CSF on ion exchange columns or HPLC columns. The activity is also not neutralized by antibodies to G-CSF, M-CSF, IL-1a and fp, IL-6, leukemia inhibitory factor, and interferon-gamma. We are currently attempting to identify this soluble mediator. Mean±SE. Cells were cultured in the presence of PMA (10 ng/ml) and control or tumor CM (50%, vol/vol) for 24 h. The supernatants harvested from these cultures were assayed in triplicate for their TNF biological activity by serial dilution using the cytotoxicity bioassay described in the text. The same experiments were carried out several times and always reproduced similar results. Data shown are from the most representative experiment. * Significantly higher than controlor OKK-CM-treated group (P < 0.001). * Significantly higher than non-tumor-bearing nude mice (P < 0.005).
These three paraneoplastic syndromes of hypercalcemia, leukocytosis, and cachexia may occur together more frequently than could be expected by chance alone. This would be understandable if the mechanism responsible was due to a tumor product stimulating secretion of cytokines by host immune cells. In a recent survey of 225 patients with cancers of the oral cavity, we found 11 patients with hypercalcemia and 10 patients with leukocytosis, and 5 of these patients had the combination of both syndromes (47a). Hypercalcemia and leukocytosis have frequently been reported to occur together, particularly in Japanese patients with tumors of the oral cavity, head, and neck (6) (7) (8) 10) . This association is of particular interest because granulocytes and osteoclasts likely share a common hematopoietic precursor in the bone marrow (48) , and a tumor-associated factor that stimulates formation of granulocytes may also stimulate formation of osteoclasts. Cytokines such as TNF and IL-I have been shown to induce osteoclast formation (49) and to cause granulocytosis (34, 35) . The association with leukocytosis is complex because ofthe evidence that GM-CSF, which can induce TNF and IL-1 production by normal immune cells (21, 50) , also causes granulocytosis in vivo (51, 52) . MH-85 cells in fact produce small amounts of GM-CSF, although our data suggest that this is not the major factor responsible for TNF production.
Another intriguing effect of splenectomy to be noted is that MH-85 tumor growth was retarded in nude mice that had splenectomy before tumor implantation. Impaired host immune responses due to increased numbers of suppressor cells in spleens of tumor-bearing animals have been demonstrated (53) (54) (55) (56) . Recently, GM-CSF produced by a murine mammary adenocarcinoma has been found to increase a number of sup-pressor cells in spleen (15) . Thus, diminished tumor growth in splenectomized MH-85-bearing animals is presumably due to elimination of splenic suppressor cells which in turn result in enhancement of host immune surveillance.
We do not know if our results have significance for the treatment of difficult paraneoplastic syndromes associated with cancer. However, it has been demonstrated that splenectomy is beneficial in various hematologic disorders (57, 58) and particularly relevant to our results is that splenectomy in patients with hairy cell leukemia dramatically improves severe hematopoietic failure (59) that is likely to be due to inappropriate secretion of TNF by host immune cells (60) . Therefore, although spleen is not the only source ofimmune cells involved in cytokine production, we believe that our results have at least some implications for the pathophysiology of paraneoplastic syndromes associated with cancer, and suggest that host immune cells that produce cytokines as part of the immune response to the presence of a tumor may be involved.
